Introduction {#Sec1}
============

Interest in materials exhibiting electrical resistance switching based on the history of applied voltage and current is in the upsurge, thanks to their numerous potential applications in designing new types of memory devices^[@CR1]--[@CR5]^, neuromorphic circuits and adaptive systems^[@CR6]--[@CR11]^. Although memristor, a name coined by Chua^[@CR12],[@CR13]^, was theoretically predicted as the fourth, two port non-linear passive electrical component in the '70s, it took nearly four decades to find the first real existence of this new circuit component and characterise it^[@CR14]^. In these memristors electrical resistance depend on the history of applied voltage and charge flow and hence the current response to a voltage sweep is highly nonlinear and often characterized by a pinched hysteresis loop^[@CR15],[@CR16]^. A large number of metal oxides, especially transition-metal oxides with perovskite structures including titanets, zirconets or magnetites as well as halides, chalcogenides and organic polymers have attracted special attention^[@CR17]--[@CR23]^, as suitable candidates for bistable switches.

Although resistance switching devices play a central role in many emerging technological fields mentioned above, in order for these technologies to be developed further and incorporated in the stream of consumer products, simple materials need to be found or synthesized and scalable manufacturing methods need to be developed. Advances in this area, so far, have not been significant due to a number of factors including environmental and economic considerations, and most importantly, engineering limitations. What we report here is an electronic device capable of resistance switching made from non-toxic, earth-abundant and environmentally friendly ZnO particles using a simple method which is conducive to mass production through roll printing. ZnO is well known for a myriad of other applications ranging from eco-friendly cosmetic sunscreens^[@CR24]^ to solar cells^[@CR25]^, field-effect transistors (FETs)^[@CR26]^, light-emitting diodes (LEDs)^[@CR27]^, ultra violet (UV) photo-detectors, low cost gas and bio-sensors^[@CR28]--[@CR30]^ to name a few. Zinc oxide's wide band gap (\~3.37 eV) and large exciton binding energy (\~60 meV) make its electronic properties susceptible to electromagnetic radiation in the UV range (\~368 nm). ZnO nanoparticles have recently been reported to show ethanol sensing properties also, where a dynamic change in electronic properties is postulated to be a function of the amount of ethanol gas present on the surface of nanoparticles in the dark^[@CR29]^ or in the presence of a monochromatic UV light (wavelength \~370 nm)^[@CR31]^. Surface adsorbed oxygen molecules in these ethanol sensors are believed to reduce the mobility of the free electron gas, thereby increasing overall resistance of the sample^[@CR32]^. Thus, exposure to ethanol vapour in those ethanol sensors triggers displacement of the adsorbed oxygen molecules, in turn increasing the overall conductivity of the sample. The large adsorption energy of the surface-adsorbed oxygen ions (\~0.35 eV) is responsible for their high thermal stability and the related difficulty to remove them from the ZnO surface at room temperature^[@CR33]^. Because of this, metal oxide based ethanol sensors are believed to work better at significantly higher temperatures^[@CR31]^. Plasma treatment on the otherhand is well known for surface modification of polymers and thin films for a plethora of applications including adhesion^[@CR34]^, cleaning^[@CR35]^, controlling oxygen vacancies^[@CR36]^ and optical properties^[@CR37]^ to name a few.

Recent studies of metal oxide based memristive switching includes a new ZnO microwire based UV mem-sensor fabricated using photocurable resin^[@CR30]^ and a novel theoretical model of the memristive behaviour in ZnO nanowires based on the impedance variation of ZnO, triggered by surface interaction with metal adatoms^[@CR38]^. Resistive hysteresis in flexible nanocomposites and colloidal suspensions was explained using Interfacial Coupling Mechanism (ICM) where the importance and effect of oxygen vacancies at the surface of ZnO fillers was highlighted^[@CR39]^. A comprehensive review on ZnO thin films for memristive devices^[@CR40]^ show that various thin film deposition techniques to design a memristor such as sputtering^[@CR41]^, atomic layer deposition^[@CR42]^ (ALD), pulsed layer deposition^[@CR43]^ (PLD) and sol-gel bring different level of complexity, efficiency, cost effectiveness and bio-compatibility in each of the processes. However, majority of the memristors studied so far were designed in Metal-Insulator-Metal (MIM) configuration, where the ZnO thin film is sandwiched between a top and bottom metal electrodes. In these MIM configurations memristive switching is explained based on the formation and breakdown of continuous conductive filament growth^[@CR44]--[@CR48]^ between the two electrodes.

In this paper we present a novel experimental result wherein a thin film made from zinc oxide particles dispersed in ethanol exhibits orders of magnitude resistive switching induced by visible light at room temperature. Unlike memristors in MIM configuration, our ZnO thin film is deposited on a glass substrate using sol-gel method and the top surface is exposed to the ambient environment. Resistive switching in this configuration is observed irrespective of the size or morphology of ZnO particles, i.e., with ZnO powder, nanopowder or nanowires, when deposited on a plain uncoated glass substrate from a suspension in ethanol. Furthermore, a pinched hysteresis I-V response observed in these devices demonstrates what seems to be a new type of memristive behaviour. We trace the origin of this resistive switching behaviour to the surface characteristics of the thin films by using plasma-facilitated surface modifications, characterizing the surface modification by FTIR analysis and by measuring the switching behaviour as a function of the wave length of the incident light. We propose that this switching phenomenon arises from the displacement of adsorbed oxygen from the ZnO surface upon exposure to light.

Results {#Sec2}
=======

Resistance switching in dark and under illumination {#Sec3}
---------------------------------------------------

The adsorbed ZnO thin films undergo a visible-light-induced resistance switching between two stable ohmic states at ambient temperature. Although the transition time between the low and high resistive states depends on the size or morphology of ZnO particles, same characteristic switching behavior is observed in all thin films made of regular ZnO powder, nanopowder or nanowires. Light sensitive ZnO thin films are fabricated by depositing ZnO suspensions in ethanol on a glass substrate to form a sub-millimeter-thick coating (\~0.70 mm). Electric contacts are made using a conductive glue on either end of the thin film. To record the current response to light the coated substrate is placed under a solar simulator. In the dark, i.e., even before the solar simulator is turned on an *I*-*V* sweep confirms linear Ohmic behaviour in this stable high resistive state (HRS) in the dark (Fig. [1a](#Fig1){ref-type="fig"}). Once the light is turned on, sufficiently long time of exposure to illumination brings the thin film to another stable, low resistive state (LRS) under illumination (Fig. [1b](#Fig1){ref-type="fig"}). The whole picture of resistance switching behaviour of the thin film under a constant 20 V potential difference is shown in Fig. [1c](#Fig1){ref-type="fig"}. The current response curve shows that the current increases nonlinearly with time from the stable HRS (regime I in Fig. [1c](#Fig1){ref-type="fig"}), in the dark to the stable LRS (regime III in Fig. [1c](#Fig1){ref-type="fig"}) under illumination. It requires a significant time interval (often of the order of \~10^3^ s) for the current to saturate, indicating a time dependent resistivity and a departure from ohmic behaviour in the transition from HRS to LRS. Sufficiently long time after the light is turned on (*t* → ∞), current reaches its illuminated asymptote marked by *I*~il~ in the regime III in Fig. [1c](#Fig1){ref-type="fig"} and then the light is turned off. Clearly the current doesn't drop to the dark current level instantaneously, rather it behaves in a non-ohmic manner in this transition regime (regime IV in Fig. [1c](#Fig1){ref-type="fig"}). Eventually current decays back to the stable dark state (regime V in Fig. [1c](#Fig1){ref-type="fig"}), marked by the constant current *I*~*d*~ in the asymptotic limit. A proposed decay model for the current in the form$$\documentclass[12pt]{minimal}
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                \begin{document}$$I={I}_{{\rm{il}}}+({I}_{{\rm{d}}}-{I}_{{\rm{il}}})\,\exp [-(t-{t}_{{\rm{on}}})/\tau ],$$\end{document}$$*t*~on~ is the time when the light is turned on and is shown in the Fig. [2](#Fig2){ref-type="fig"}. We have also confirmed that this light activated resistance switching behaviour in ZnO is generic in nature and both ZnO nano and non-nano particles exhibit this behaviour. Growth and decay of output current for ZnO nanowires and nanoparticles are shown in Fig. [3](#Fig3){ref-type="fig"}, where nanowires exhibit larger resistance switching in comparison to nanoparticles and non-nanoparticles (Fig. [1](#Fig1){ref-type="fig"}). We hypothesise that the resistive switching occurs when electro-withdrawing molecules adsorbed to the ZnO surface are removed by incident light, thereby releasing their electrons into the conduction band. Powder ZnO and nanoparticle ZnO grains will tend to pack closely together in these thin films, limiting the available surface upon which this adsorption/desorption phenomenon can occur. However, when ZnO nanowires are used, a much higher surface area is exposed due to the less-uniform 3-D nature of this morphology. This means that many more electron-withdrawing molecules can be desorbed from nanowires than from other morphologies, resulting in a higher level of resistance switching.Figure 1Resistance switching in a light-activated ethanol-adsorbed ZnO thin film. (**a**) The *I*-*V* characteristics in the dark shows a linear profile. The dark saturated resistance is calculated as the inverse of the slope of the linear profile. (**b**) Under illumination a similar linear *I*-*V* response is observed confirming the existence of bistable ohmic resistive states in the thin film. (**c**) Variation of current with time subjected to a constant 20 V bias is measured. Time evolution of current can be divided into five distinctive regimes. First one (I) represents dark saturated current *I*~d~ regime. In this state the thin film is in dark and the sample is in high resistive state (HRS). Once the solar simulator is turned on, as indicated in Fig. 1(c), current increases nonlinearly in this regime II until it reaches its second stable state, the low resistive state (LRS) in regime III. Once the current level reaches its asymptotic limit under illumination (*I*~d~), the light is turned off and the transition from the LRS to the HRS occurs in the IV^th^ regime. Finally current decays back to the saturated dark current level (*I*~d~) in regime V.Figure 2Experimental growth and decay of current (blue line) are compared with a proposed inductive growth and decay model (red dots). Growth of current is modelled as *I* = *I*~il~ + (*I*~d~ − *I*~il~) exp\[−(*t* − *t*~on~)/*τ*\], where *I*~il~ is the saturation current under illuminated condition, *I*~d~ is the dark saturation current, *t*~on~ is the time when the light is turned on and *τ* is a characteristic time constant. In this simulation *τ* is takes as 410 s. Once the light is turned off current decay is modelled as *I* = *I*~d~ + (*I*~il~ − *I*~d~) exp\[−(*t* − *t*~off~)/*τ*\], where *t*~off~ is the time when the light is turned off. Same *τ* is used for both the growth and the decay model. Blue line represents experimental data and the red square markers show the simulation results using the models given above. A slight dip in the current value near saturation is noted which may be attributed to the thermal effects of illumination on the sample.Figure 3Growth and decay of current for ZnO nanowire and nanoparticle thin films under 20 V constant potential difference. Similar to the characteristics of non-nano thin films (Fig. [1](#Fig1){ref-type="fig"}), the nano-ZnO thin films also exhibit resistive switching in dark and under illuminated conditions.

Frequency dependence and effect of surface modifications {#Sec4}
--------------------------------------------------------

In the absence of UV components, evaluation of the effect of visible light of different wavelengths on the thin films are done by using UV and coloured Wratten filters in our experiments and the results are shown in Fig. [4](#Fig4){ref-type="fig"}. It is clear that even without the UV component, wavelengths in the visible range selected by the colour filters can facilitate the transition between the HRS and the LRS. It also shows that blue light (\~600 nm) makes a higher impact on the transition process than other wavelengths. This result suggests a possible influence of adsorption of oxygen at the surface and the trapped ethanol in the bulk of the thin films on the band gap modification of ZnO nano and non-nanoparticles as observed in other materials such as surface adsorbed graphene or silicene^[@CR49],[@CR50]^. The effect of surface modifications on the electrical response is also investigated by exposing the thin films, otherwise fabricated as above, to microwave-generated *O*~2~ plasma^[@CR51]^. The light-saturated LRSs of the thin films etched for 4, 8, and 15 seconds as shown in Fig. [4](#Fig4){ref-type="fig"} illustrates that the resistance of the illuminated state for all wavelengths decreases as the extent of surface modification is increased. This again points to a possible role of chemical species adsorbed on the ZnO surface in band gap modification. FTIR analysis before and after etching (Fig. [5](#Fig5){ref-type="fig"}) also supports the fact that exposure to the microwave oxygen plasma breaks down OH bonds at the surface of the thin films. A schematic of the whole plasma etching process is shown in the Fig. [6](#Fig6){ref-type="fig"}.Figure 4Photo-response of the ZnO thin films with different degrees of surface modifications under illumination. Before illumination the thin film was in the high resistive state (HRS). In the illuminated state (LRS) plasma etched by 4 s O~2~ plasma, the thin film shows minimal changes in the resistance with respect to the unetched one saturated under illuminated conditions. Increased plasma etching time reduces the variability of resistance to different colours, suggesting that the surface modification plays a significant role in the band gap adjustments. Clearly 15 s plasma-etched-thin-film has negligible preference to the incident light frequency on the low resistive state and the response to different colors of light is practically the same.Figure 5The figure shows the result of plasma etching a ZnO thin film. The film was fabricated as for all devices (deposition from ethanol suspension) followed by sintering. The etching was conducted for 4, 8 and 15 seconds. The inset showing the band at 3400 cm^−1^ due to the -OH bond in alcohols. The intensity of this signal clearly diminishes as the film is etched indicating a loss of electron-withdrawing groups from the surface of the material. The large signal at around 2100 cm^−1^ is from CO~2~ and the band at around 900 cm^−1^ is due to a small amount of glass particles that were scraped off of the device substrate. The graphs shown above are the FTIR analysis of ZnO nanowire thin films, however other ZnO thin films made of ZnO particles or nanoparticles also show similar behaviour under plasma etching.Figure 6Fabrication of ethanol-adsorbed ZnO sensor devices. (**I**) A glass substrate is cleaned in ethanol and detergent and rinsed with deionized water. (**II**) Tape is applied to the substrate leaving an 8 mm wide space. (**III**) A few drops of ZnO suspension in ethanol, acetic acid, and water are placed in the gap between the tape and spread evenly with a razor blade. (**IV**) ZnO thin film is annealed at 500 °C. (**VI**) Two leads are attached to the ZnO strip with a minimal amount of silver-based conducting epoxy. (**VII**) Thin films to be plasma etched are placed in a vacuum flask which is then evacuated. (**VIII**) The flask containing the thin film is placed in a microwave oven and subjected to plasma for 4, 8, and 16 seconds. (**IX**) The current-voltage behavior of the sensors is evaluated under simulated sunlight at 0.5 Wm^−2^ intensity and in dark conditions (Fig. [1](#Fig1){ref-type="fig"}).

Pinched hysteresis and memristive behaviour {#Sec5}
-------------------------------------------

As mentioned earlier that an investigation of the *I*-*V* characteristics of both the dark and the illuminated states confirms the existence of stable ohmic states with different resistivities. A voltage sweep generated by a source meter to characterise *I*-*V* behaviour in dark conditions reports a linear ohmic response (Fig. [1a](#Fig1){ref-type="fig"}) confirming proportional current variation with the applied voltage. The same process is repeated in the stable LRS under illuminated conditions to observe a different ohmic state (Fig. [1b](#Fig1){ref-type="fig"}), confirming the existence of visible-light-activated bistable resistive switching in ZnO thin films.

However, *I*-*V* sweeps made in the transition regions (regions II and IV in Fig. [1c](#Fig1){ref-type="fig"}) reveal interesting non-ohmic hysteresis behavior, similar to what is normally observed in memristor devices^[@CR12],[@CR13]^. Figure [7](#Fig7){ref-type="fig"} illustrates this behavior for ZnO particles adsorbed in ethanol, although thin films made of ZnO nanoparticles and nanowires also show similar characteristic behaviors. The thin film is exposed to light at point **A** as voltage is ramped up from −20 V to 20 V and brought back to −20 V (at **B**) over the course of \~700 s. A pinched hysteresis loop, a typical fingerprint of memristive behaviours^[@CR52]--[@CR54]^, is observed. Although the resulting hysteresis loop clearly indicates a non-ohmic memristive behaviour unlike ideal memristors, pinching in this case doesn't occur at the origin (0, 0) of the *I*-*V* plane. In this transition region current depends on the instantaneous voltage and the corresponding resistance, ensuring the thin films to behave according to the history of the resistive states in its trajectory. Noticing a striking visual similarity between the shape of the loop and the cancer awareness pink ribbon symbol, we call this behaviour 'pink-ribbon-memristive' behaviour of ethanol-adsorbed ZnO thin films. We hypothesize that this memristive behaviour is an artifact of the change in electron mobility in the conduction band of the adsorbed ZnO thin films in the transition regime. Ethanol molecules trapped in the bulk ZnO and oxygen molecules adsorbed at the surface play critical roles in the transition from HRS to LRS and the overall history dependent resistive dynamics. In dark state (HRS) oxygen molecules, weakly adsorbed at the surface, trap electrons from the conduction band of ZnO reducing the mobility of electron gas under an applied potential difference. This may be seen as equivalent to introducing effective viscosity and creation of a viscous boundary layer in the conduction band, in the Drude model of free electron gas flow^[@CR55]^. At **A** (Fig. [7a](#Fig7){ref-type="fig"}) as light is turned on photo excited oxygen molecules start to desorb from the surface, in turn freeing up electrons and gradual restoration of free electron mobility in the conduction band of ZnO. Two time scales are at play here: a) the time scale related to the light activated desorption kinetics of oxygen molecules from the surface and b) electron diffusion time scale in the conduction band. Overall transition from the **A** to **B** largely depends on the interplay between these two time scales and hence we observe the characteristic nonlinear behaviour in the *I*-*V* curve. Similar to the role played by the filamental growth and decay in normal memory dependent resistive dynamics, here the growth (in dark) and decay (under illumination) of the electrical double layer at the surface created by the trapping and release of the conduction band electrons by the adsorbed oxygen molecules determine the 'pink-ribbon-memristive' hysteresis. Because of this time and history dependence of the electrical resistivity, the current at **A**, when the resistance was high and the light is turned on is different from that at **B** where the resistance of the thin film is different because of the immediate past resistive history of the thin film. It is also observed that unlike filamental growth dependent memristors, where a sharp transition between LRS and HRS is observed whenever filament is broken, here the transition from **A** to **B** when the light is turned off after the end of the sweep is slow and takes hundreds of seconds because of the slow readsorption kinetics of the ambient oxygen molecules at the surface and subsequent retrapping of conduction electrons. This behaviour is observed in every thin films made from ZnO particles, nanoparticles or nanowires irrespective of size or morphology.Figure 7A Pink-Ribbon pinched hysteresis loop is observed. (**a**) Current versus voltage curve is measured at a frequency \~1.4 × 10^−3^ Hz of the voltage sweep. Light is turned on when the thin film is at its high resistance stable dark state (HRS) and the voltage difference between the end terminals starts at −20 V (point A). The potential difference is ramped up to 20 V in equal steps before eventually coming back to −20 V (point B). Light is still on at this end point B. If the light is turned off now, resistance slowly goes back to the high resistivity state (point A), a behaviour as described in Fig. [1c](#Fig1){ref-type="fig"}, in the IV^th^ regime. The overall *I*-*V* response curve visually resembles a 'pink ribbon', frequently used as a cancer awareness symbol. One important observation is that unlike most of the memristive pinching or crossover of *I*-*V* doesn't occur at the origin (0, 0) of the *I*-*V* plane, clearly pointing out a memory effect on current response by the transient applied voltage. (**b**--**d**) *I*-*V* responses are measured at different sweep frequencies and highly nonlinear characteristics are observed.

A complex response to multiple voltage sweeps with smaller sweeping times in the same transition regime (IV of Fig. [1c](#Fig1){ref-type="fig"}) is shown in Fig. [7(a--c)](#Fig7){ref-type="fig"}. In response to the increasing voltage sweep frequency the time series of the output current shows generation of shorter time scales in the output. The Fast Fourier Transform (FFT) of the time series data of large frequency sweeps (such as Fig. [7c](#Fig7){ref-type="fig"}) shows a noise like highly nonlinear frequency masking of the dominant input frequency. This observation points to a possible transition to chaos in large sweep frequency regime and the corresponding time series in Fig. [8](#Fig8){ref-type="fig"} is highly representative of that indication. A 'strange-attractor' type behaviour is also observed in the *I*-*V* plane of the corresponding *I*-*V* loops which may be used to design a single component Chua circuit^[@CR56]^ for generating chaos and related applications.Figure 8Time series data of the output current plotted for different voltage sweep frequencies. Input voltage is varied between −20 V to +20 V at different time periods. (**a**) Four sweeps are made in the voltage in the transition regime, (**b**) ten weeps are made in the transition regime and shorter frequencies start to perturb the input frequency. (**c**) Input voltage makes thousand sweeps and the output current shows the full spectrum of frequencies present in the time series. This highly nonlinear behaviour points to the possible transition to chaos. (**d**) FFT analysis of the corresponding time series of thousand sweeps show presence of all possible output frequencies generated in response to the fixed frequency input voltage sweep.

Discussion {#Sec6}
==========

In conclusion, we have demonstrated a novel, visible-light-activated, resistive switching phenomenon in nano (Fig. [3](#Fig3){ref-type="fig"}) and non-nano (Fig. [1](#Fig1){ref-type="fig"}) ZnO thin films with surface and bulk adsorbed ethanol at room temperatures. The switching between the LRS and the HRS bears the signature of an inductive delay. A pink-ribbon *I*-*V* curve in the transition regime shows a pinched hysteresis behaviour similar to that of a memristor. We hypothesise that in presence of trapped ethanol in the bulk of the thin film oxygen adsorption and desorption on the ZnO thin film surface plays a major role in this bistable switching behaviour^[@CR32],[@CR33]^. Due to the maximum adhesion between ethanol and zinc oxide particles deposited from suspension, the zinc oxide thin films get heavily saturated with tightly-bonded ethanol both in the bulk and at the surface. Some ethanol molecules at the surface is converted to dangling OH groups, some more is decomposed to hydrogen and ethylene upon annealing at high temperature (\~500 °C)^[@CR33],[@CR57]^. However, a substantial amount of ethanol remains associated with the material bulk, and remains trapped inside the thin film due to the tight packing of the ZnO particles. The hydrogen which evolves during decomposition at the surface remains in close contact with the ZnO particles due to the presence of trapped ethanol and fills some oxygen vacancies^[@CR58]--[@CR60]^. As the substrate cools down components of the ambient atmosphere such as molecular oxygen as well as water molecules weakly adsorb to the ZnO surface. We propose that the n-type nature of ZnO^[@CR61]^ naturally attracts oxygen molecules^[@CR32]^ and the electronegative nature of the adsorbed oxygen attracts the ZnO electrons from its conduction band subsequently creating an electrical double layer (EDL) and a *ζ* potential between the adsorbed electronegative oxygen and the attracted electrons across the interface. This *ζ* potential in the transverse direction to the motion of the charge carriers interacts with their mobility of electrons in the thin film, in turn, reducing its conductivity in dark.

Upon exposure to light, the weakly adsorbed atmospheric oxygen molecules are desorbed, thereby releasing the ZnO electrons back into the ZnO conduction band. This increase in the number of shallow donors in the conduction band leads to enhanced photoconductivity^[@CR59],[@CR62]^ of the sample. The switching is still due to the photo-desorption of surface adsorbed atmospheric molecules^[@CR63],[@CR64]^, but the ethanol trapped in the bulk enhances the effect by increasing total number of charge carriers. The delay observed in this transition is a result of the desorption kinetics of the adsorbed gases. When exposed to light for a time period of sufficient length, the complete surface desorption of these gases leads to the asymptotically stable low resistive state which remains constant until the light is turned off again. Turning off the light also allows atmospheric gases, especially oxygen to re-adsorb to the ZnO surface and subsequently electrical resistance to increase. The delay in resistance switching observed in this process is again the result of the kinetics of re-adsorption.

Plasma etching breaks the O-H bonds of the residual surface OH groups which formerly were withdrawing electrons. This generates a proton, which leaves the ZnO surface, and a dangling oxygen with an associated electron at the interface. The extra electrons in the thin film further enhances the photoconductivity by increasing the photoresponse and recovery rates as well as by reducing the resistance in both lighted and dark conditions. Pre and post etching FTIR analysis (Fig. [5](#Fig5){ref-type="fig"}) and also confirms breakdown of -OH groups from the ZnO thin film surface due to the plasma treatment. A schematic of the proposed reaction pathway is given in Fig. [9](#Fig9){ref-type="fig"}.Figure 9Proposed reaction pathway for the resistance switching mechanism. (**A**) Thin film made from ZnO particles suspended in ethanol. The inset shows surface adsorbed ethanol, whereas in the majority of the ethanol molecules are trapped in the tightly packed ZnO particles in the bulk. (**B**) At higher temperatures, the surface ethanol decomposes to ethylene and dangling oxygen. Bulk ethanol mostly remains trapped inside the film. (**C**) Exposure to incident photons removes the weakly connected oxygen, thereby releasing electrons back to the conduction band of ZnO. (**D**) Once the light is turned off, atmospheric oxygen and water molecules readsorb at the active cites. (**E**) Plasma treatment of the sample breaks down the dangling OH bonds.

Methods {#Sec7}
=======

ZnO thin films are fabricated by depositing an 8 mm wide strip of zinc oxide (powder from JT Baker, nanopowder, and nanowires from Sigma Aldrich) suspension in acetic acid (1% v/v) and ethanol (67% v/v) (both from Fisher Scientific) in water on a glass substrate using the doctor's blade method. Commercial ZnO is used in this study, but it can be easily synthesized by a wide variety of traditional methods such sol-gel, solvothermal, and hydrothermal techniques^[@CR65]^, as well as by emerging green synthesis routes which utilize stabilizers extracted from algae, plants, and bacteria^[@CR66]^. The substrate coated with the ZnO film is then annealed in air by ramping the temperature from room temperature to 500 °C over 7 minutes. Thickness of the ZnO thin films are determined by a Laser displacement meter (Keyence, LK-H022) to be \~0.7 mm. Thin copper leads are then connected to each end of the zinc oxide strip with a minimal amount of silver epoxy glue manufactured by Atom Adhesives (electrical resistivity 0.0001 Ω cm). To evaluate the correlation between the surface conditions and effective resistivity of the thin films we have used microwave generated *O*~2~ plasma to etch the thin film surface with different degrees of plasma treatment and recorded the response to light for each of the sensors. Microwave plasma is generated in the following way (Fig. [6](#Fig6){ref-type="fig"})^[@CR51]^: ZnO coated glass slides are first placed in a vacuum flask. Using a vacuum pump, the flask is evacuated down to a pressure less than 6 Torr and then placed in a microwave. The microwave is run for 4, 8 or 15 seconds while deep purple plasma visible through the microwave window. The electrical properties of the ZnO films were determined by attaching the copper leads at the opposite ends of the ZnO strip with a Kiethely 2450 SourceMeter via test probe hook clips, allowing for great precision and stability across a range of voltage and frequency parameters. Current as a function of time was measured while applying a constant potential of 20 V in the dark, and after the device was exposed to light of 1 Sun intensity. The IV behaviour of the material was also elucidated using the SourceMeter in each of the dark saturation, transition, and light saturation regimes at a range of frequencies. Voltage sweeps between −20 V and +20 V (Figs [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"}) were generated and the corresponding current and the time series were also measured.
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